Three fractions (male germ unit [MGUJ-rich, cytoplasmic-particulate and water-soluble proteins) were isolated from pollen of Plumbago zeylanica L. Proteins were extracted using a phenol procedure and polypeptide patterns were compared on one-and two-dimensional polyacrylamide gels. The MGU-rich fraction contains the sperm and vegetative nucleus of the pollen grain and yielded 427 spots >33 kilodaltons. The cytoplasmic-particulate fraction contained 515 spots >33 kilodaltons. The third fraction consisted of water-soluble proteins and polypeptides from the pollen cytoplasm, in which 285 spots (>33 kilodaltons) were identified. Of 133 polypeptide spots suitable for comparison, 18 were unique to the MGU-rich fraction, 3 to the cytoplasmic-particulate fraction, 14 to the water-soluble fraction, 65 were common to two different fractions (and absent in one), and 33 were common to all three of the fractions examined.
Fertilization in flowering plants results from the cellular fusion of male and female gametes within the female gametophyte, and presumably involves recognition of gametes at the plasma membrane surface to initiate fusion (17) . Because flowering plants participate in 'double' fertilization, potentially two recognition events may be required: one to initiate fusion between a sperm and the egg, and another event to initiate fusion between the other sperm and the central cell. Flowering plant sperm cells appear to possess a genetic program that predetermines their pattern of fusion with female cells during sexual reproduction (7) . Pollen grains of Plumbago, for example, contain two sperm cells that are dimorphic (18, 21) -each possessing different fates upon double fertilization (19) . This nonrandom fusion is likely mediated by specific recognition compounds that are available for binding at the cell surface. If similar to other such biological phenomena, they are likely specific proteins or polypeptides responsible for recognition of the appropriate female cells by sperm cells, these compounds should be associated exclusively with the sperm cells and be absent from the pollen wall and cytoplasm. Preferential fertilization, in which a specific sperm morphotype fuses with the egg, has been described previously in Plumbago zeylanica (19) and Zea mays (16) . Such a distinction between sperm morphotypes and the occurrence of gametic recognition may be common to other angiosperms as well (7) ' Supported by grants from the United States Department of Agriculture (86-CRCR- and the University ofOklahoma Research Council. and likely involves molecular components unique to the gametes that facilitate their recognition and fusion.
Although such recognition compounds have yet to be described in the gametes of a flowering plant, several features are likely to characterize such compounds (3): (a) they are compounds integral to the surface of the cell; (b) they are complex enough to recognize each other unambiguously and therefore of mid-to high-mol wt; (c) they are likely to contain glycosylated moieties, as is characteristic of other plasma membrane compounds; and (d) they likely occur specifically within gametes with separate complementary recognition compounds in the male and female gametes. The occurrence of sperm dimorphism in flowering plants may present unique opportunities for employing selective protein probes (6, 7, 15) that may aid in understanding the physiological basis of double fertilization.
In this study, a survey of dominant proteins and polypeptides present in the mature pollen grain ofP. zeylanica was undertaken to identify differences between the MGU2 (consisting of the linked sperm cells and associated vegetative nucleus [7] ) and the surrounding pollen cytoplasm, which was separated in this study into a cytoplasmic-particulate and water-soluble fraction. Male germ units were fractionated (20) , their proteins characterized by 2D PAGE, and the resulting distribution of polypeptide spots compared to those spots obtained from the pollen cytoplasmicparticulate and water-soluble fractions. Such MGU-specific polypeptides may include the recognition molecules postulated to discriminate between different gametic cell surfaces and be responsible for preferential fertilization in Plumbago ( 19 (8) . The lower (cathode) buffer was 0.5% (v/v) ethanolamine and the upper (anode) buffer 0.2% (v/v) H2SO4 for gels loaded at the acidic end (24); buffers and electrodes were reversed for gels loaded at the basic end. Focusing was conducted for 17 h at 250 V plus 1 h at 800 V (24).
The pH gradient from each of two focusing gels was measured according to Booz 
RESULTS
Characterization of Pollen. The mature pollen grain consists of 37.6 ± 2.7% exine and intine, 6.5 ± 0.1% water, and 55.9 ± 2.9% cytoplasmic components, by weight (n = 5). The volume occupied by the cytoplasm was 57.9% of the average 110,000 ,um3 volume of the pollen grain (20) . The sperm cells represented an average of 1/1900 of this volume (20) , with the Svn occupying 0.063% and the S. occupying 0.044% of the volume of the pollen grain (18, 20) . As reported previously (20) , the calculated mass of the Svn is 1.00 x 10-10 g and 7.07 x 10-" g for the Sua comprising a total sperm mass of 1 (Table I) .
2D-PAGE. For greater resolution, protein samples were loaded on either the acidic or basic end of the IEF gels. The acid-loaded gels (Figs. 1, A and C, and 2A) provided greater resolution in the basic region, and basic-loaded gels (Figs. 1, B and D, and 2B) provided greater resolution in the acidic region. Nonoverlapping portions of these gels are shown in the figures, although spots could be matched over much of the pH range (data not shown).
The MGU fraction revealed a total of 427 polypeptides above a Mr of 33 kD (Fig. 1, A and B 
VEGETATIVE AND MGU POLYPEPTIDES OF PLUMBAGO POLLEN
and a mean pl of 6.34. Prominent polypeptide groupings with an acidic pI (pl<6) occurred at Mr between 47 and 63 kD (Fig.   1B ). Numerous groupings of polypeptides were evident at the same Mr, but with slight differences of pl. Mr of up to 205 kD were observed, with substantial heterogeneity in the distribution of MGU polypeptides (Table II) .
The cytoplasmic-particulate fraction contained 515 polypeptide spots above a Mr of 33 kD (Fig. 1, C and D) , with an average Mr of 59.3 kD and a mean pI of 6.18. Conspicuous polypeptide spots in the acidic to neutral pI ranges (6.0-7.0) were evident throughout a wide interval of mol wt (66 kD and below). Mr up to 152 kD were observed, but more than 50% of the proteins were below 60 kD, with few above 120 kD (Table II) .
The water-soluble fraction contained 285 polypeptide spots above a Mr of 33 kD (Fig. 2) , with an average Mr of 52.9 kD and a mean pI of 6.10. Resolution on 2D gels of polypeptides of the water-soluble fraction was poorer than for the MGU-rich or cytoplasmic-particulate fractions (Figs. 2 and 3) , despite careful attention not to overload the sample and addition of PMSF to inhibit protease activity at several steps in the procedure. Conspicuous polypeptide spots tended to occur at relatively narrow Mr intervals (52-55 kD, 44-47 kD, and 38 kD) within a wide range of pls. Mr up to 102 kD occurred, with more than 50% of the proteins below 50 kD (Table II) .
Although the 2D gels indicated a great degree of variation in polypeptide spots of the MGU-rich, cytoplasmic-particulate and water-soluble fractions (cJf Figs. 1 and 2) , only the most conspicuous spots were used for individual presence/absence comparisons between the different protein fractions. Of 133 polypeptide spots examined, 35 were identified as being unique, 65 were common to two different fractions, and 33 spots were common to all three of the fractions examined ( Figs. 1 and 2) .
The MGU-rich fraction contained 11 protein spots greater than 116 kD unique to the MGU-rich fraction (Fig. 1) . Seven additional polypeptide spots at <80 kD were also unique to the MGU-rich cell fraction. Thus, at minimum, 18 protein spots unique to the MGU-rich fraction were observed that did not appear in either of the other 2D gels (Fig. 1) . The water-soluble protein fraction contained a minimum of 14 unique polypeptide spots, and the cytoplasmic-particulate fraction contained only three unambiguously unique polypeptide spots (arrows, Figs. 1  and 2 ). Of the polypeptides that occurred in two of the fractions but that were absent in one, those common to the MGU-rich and cytoplasmic-particulate fraction (n = 63) greatly exceeded those common to MGU-rich and water-soluble fractions (n = 2) and water-soluble and cytoplasmic-particulate fractions (n = 0).
DISCUSSION
This study reveals significant heterogeneity in polypeptides isolated from MGU-rich, cytoplasmic-particulate and water-soluble fractions of mature pollen. Nearly 75% of the 133 selected polypeptides in this study were absent from at least one fraction, and 26.3% were unique to a single fraction. Approximately 13.5% of the selected polypeptides were unique to the MGUrich fraction (containing the sperm cells and nuclei), 10 .5% to the water-soluble fraction and 2% to the cytoplasmic-particulate fraction. These results are consistent with those obtained from the production of hybridoma antibodies (15) to a less enriched fraction of the MGU of P. zeylanica (20) in which the cytoplasmic-particulate and water-soluble components represented contaminants. In that study, 18 to 28% of the antibodies were specific to the MGU-rich fraction in different immunizations, 3 to 13% were specific to the water-soluble fraction, and 3 to 5% were specific to the cytoplasmic-particulate fraction (15) . Apparently, polypeptide and immunogenic aspects of these fractions are similar and may reflect compartmental differences in the proteins and glycoproteins that occur within the mature pollen. The high degree of overlap between the MGU-rich and cytoplasmic-particulate fractions was partially the result of similarities in cellular metabolism not shared by the water-soluble fraction. The uniqueness of pollen gene expression has also been evidenced in relation to the sporophyte and is believed to reflect the distinctive attributes of microgametophyte physiology (23) . Although the origin of the MGU-rich and cytoplasmic-particulate fractions are exclusively those of gametophytic origin, the water-soluble fraction may also contain significant amounts of pollenkitt proteins, known to originate from sporophytic tissues (3) .
Since the likely explanation for preferential fertilization resides in plasma membrane protein differences in the two gametes, a protocol that effectively solubilizes plasma membrane proteins (8) is essential. The original protocol for 2D PAGE (14) yielded low recovery of pollen polypeptides in our preliminary studies (NR Geltz, SD Russell, data not shown) and was similar to the experience of other workers using the O'Farrell lysis buffer on plant material (8) . The phenol extraction method employed in the present work was the most satisfactory, yielding numerous spots of a wide range of Mr. Reversal of buffers and electrode polarity during isoelectric focusing further improved the resolution of this protocol at the edges of the gel owing to the nature of the pH gradients generated.
Although endogenous proteases reportedly remain active in urea lysis buffers (4), the MGU-rich and cytoplasmic-particulate fractions reflected limited proteolysis, as evidenced by the discrete nature of the polypeptide spots and the frequent presence of high Mr compounds. The phenol extraction method inhibits proteases to an extent equalling SDS (8) , and for the MGU-rich and cytoplasmic-particulate fractions, apparently the quantity of endogenous proteases was negligible. Endogenous proteolytic activity, however, was clearly evident in water-soluble fractions isolated without the protease inhibitor PMSF (data not shown), and could be reduced in this fraction by adding PMSF to the bursting and isolation buffers (Fig. 2) Understanding the biological and physiological processes involved in angiosperm fertilization will require the examination of plasma membrane-based glycoproteins using both the techniques described here and those of hybridoma antibodies elicited to recognition compounds. Similar examination of female gametes will also be required in order to understand these processes. The characterization of gametes, understanding of the events of gametic fusion, manipulation of double fertilization and the culture of gametic protoplasts are likely outcomes of this approach, and represent future goals in the continuation of this research.
